The TOM1 and TOM3 genes of Arabidopsis thaliana encode homologous proteins that are required for tobamovirus multiplication. Although the A. thaliana genome encodes another TOM1-like gene, THH1, the tobamovirus coat protein (CP) does not accumulate to a detectable level in the tom1 tom3 double mutant. Here, double and triple mutants of tom1, tom3 and thh1 were generated to investigate whether THH1 functions to support tobamovirus multiplication. In the tom1 thh1 double mutant, the tobamovirus CP accumulated to a level that was detectable, but lower than that in the tom1 single mutant. In tom1 tom3 double-mutant lines overexpressing THH1, the tobamovirus CP accumulated to a level similar to that observed in wild-type plants. These results suggest that THH1 supports tobamovirus multiplication, but to a lesser extent than TOM1 and TOM3. The expression level of THH1 is lower than that of TOM1 and TOM3, which might explain the smaller contribution of THH1 to tobamovirus multiplication.
Virus multiplication depends on both viral and host factors (reviewed by Buck, 1999; Ahlquist et al., 2003; . The genomes of positive-strand RNA viruses encode one or more polypeptides that are required for the replication of the virus genomes. These proteins, called replication proteins, are synthesized by translation of the genomic RNA after invasion into host cells. The genomes of all known positive-strand RNA viruses replicate via negative-strand RNA in replication complexes, which contain replication proteins and template RNA and are formed in association with intracellular membranes.
The tobamoviruses are positive-strand RNA viruses and their genomes encode replication proteins of approximately 130 and 180 kDa. In addition to these viral factors, the proteins TOM1 and TOM2A are required for efficient multiplication of tobamoviruses in the host Arabidopsis thaliana. TOM1 is a seven-pass transmembrane protein that interacts with both the tobamovirus replication proteins and with TOM2A, a four-pass transmembrane protein that is also required for the efficient multiplication of tobamoviruses (Yamanaka et al., 2000; Tsujimoto et al., 2003) . TOM1 and tobamovirus RNA-dependent RNA polymerase activity show similar fractionation patterns during membrane-flotation analysis of tobamovirus-infected protoplast lysates by iodixanol-gradient centrifugation. This observation, together with its ability to interact with tobamovirus replication proteins, suggests that TOM1 plays a direct role in the formation and/or maintenance of membrane-bound tobamovirus replication complexes (Hagiwara et al., 2003) .
The A. thaliana genome encodes two TOM1 homologues, TOM3 and THH1. Amino acid identity is 56 % between TOM1 and TOM3, 58 % between TOM1 and THH1 and 88 % between TOM3 and THH1. Previous studies have demonstrated that the tom1 single mutation inhibits tobamovirus multiplication moderately, but not completely, and that simultaneous mutations in the TOM1 and TOM3 genes suppress tobamovirus coat protein (CP) accumulation to an undetectable level (Yamanaka et al., 2002) . These results indicate that TOM1 and TOM3 support tobamovirus multiplication. However, because it was not clear whether THH1 also supports tobamovirus multiplication in A. thaliana, we investigated the issue in this study.
A mutant line of A. thaliana (GABI-Kat 046D04) (Rosso et al., 2003) that contains a T-DNA fragment inserted in the fifth exon of the THH1 gene ( Fig. 1) was obtained from the Max Planck Institute for Plant Breeding Research. The mutation, named thh1-1, had no apparent effect on plant growth or development (data not shown). The CP of TMV-Cg, a tobamovirus that infects wild-type A. thaliana plants systemically (Ishikawa et al., 1991; Yamanaka et al., 1998) , accumulated in the thh1-1 single-mutant plants to a level similar to that found in wild-type plants (Fig. 2a) . Because the tom3-1 single mutation (Yamanaka et al., 2002) (Fig. 1) does not affect TMV-Cg CP accumulation, and the tom1-2 single mutation (Yamanaka et al., 2000) (Fig. 1) reduces the level of its accumulation (Fig. 2a) , the contribution of TOM1 to TMV-Cg multiplication is larger than that of THH1 or TOM3.
To further explore the function of THH1, we established double and triple mutants among tom1-2, tom3-1 and thh1-1 (Fig. 1) . The thh1-1 mutant was crossed with the tom1-2 tom3-1 double mutant, and double-and triple-mutant lines were selected from the resulting F 2 plants. The presence of the T-DNA insertion in the THH1 locus was examined by PCR using three primers: two specific for the THH1 genomic sequence (59-TGCAAGTGCAACATACTTACC-TTC-39 and 59-TGCTGTATCGACTGATGGACTGAG-39) and one specific for the left border of the T-DNA (59-CCCATTTGGACGTGAATGTAGACAC-39). The genotypes of the TOM1 and TOM3 loci were examined by derived cleaved amplified polymorphic sequence (dCAPS) analysis (Neff et al., 1998) with the primer sets 59-GTTTCGCCT-CTCTGGATTTCG-39 plus 59-GTTCATAAGATGAAACA-CCTTCTGAGTGGT-39 (cleavage with AluI and AvaII) and 59-TCAGACGTAAACGAATCTCCGATTCG-39 plus 59-CAATTTCATCGAAGAATCATC-39 (cleavage with TaqI), respectively. All of the mutations, including the tom1 tom3 thh1 triple mutation, had no apparent effect on plant growth or development under our growth conditions (Fujisaki et al., 2004 ) (data not shown).
The multiplication of TMV-Cg in the double and triple mutants was examined. At 2 days post-inoculation (d.p.i.), no infection of any plants with the tom1-2 mutation was detected, whereas the tom3-1 and thh1-1 single mutations allowed TMV-Cg to multiply to wild-type levels. In tom3-1 thh1-1 double-mutant plants, TMV-Cg CP accumulation was detectable, but lower than that in tom3-1 or thh1-1 single-mutant or wild-type plants ( Fig. 2a; P<0 ?01, Student's t-test). Even at 5 d.p.i., TMV-Cg CP accumulation was not detected at all in the tom1-2 tom3-1 double mutant or the triple mutant (Fig. 2a) . By contrast, the tom1-2 thh1-1 double mutation allowed TMV-Cg CP to accumulate to a detectable, but lower, level than that in tom1-2 singlemutant plants at 5 d.p.i. (Fig. 2a; P<0 ?01, Student's t-test). These results suggest that THH1 functions to support TMV-Cg multiplication in A. thaliana, but with an activity lower than that of the TOM3 gene. In the tom1-2 tom3-1 Fig. 1 . Organization of TOM1, TOM3 and THH1. (a) Intron-exon organization. Exons are shown in boxes. Open and filled boxes indicate non-coding and coding regions, respectively. The positions of the tom1-1, tom1-2, tom1-3 and tom3-1 mutations (Yamanaka et al., 2000 (Yamanaka et al., , 2002 and the T-DNA insertion in the thh1-1 mutant (GABI-Kat 046D04) are shown. The mutant alleles used in this study are indicated by bold type. (b) Alignment of amino acid sequences of TOM1, TOM3 and THH1. The deduced amino acid sequences of TOM1, TOM3 and THH1 were aligned by using the CLUSTAL W program (Thompson et al., 1994) . Identical residues are indicated by asterisks. The amino acid residues corresponding to the mutation sites (tom1-1, a point mutation at the splicing-acceptor site immediately upstream of the I157 codon; tom1-2, W68 to stop; tom1-3, one-base insertion at V148; tom3-1, W45 to stop; thh1-1, T-DNA insertion at the N151 codon) are shown on a black background. double mutant, in which THH1 is the only gene of the three to be functional, non-specific degradation of tobamovirus RNA and/or host defences would overcome the replication, resulting in no detectable amplification of tobamoviruses. On the other hand, in the wild-type genetic background, loss of TOM3 or THH1 alone does not affect tobamovirus multiplication, probably because another factor, but not the TOM1 plus THH1 or TOM3 function, limits overall efficiency of tobamovirus multiplication. Fig. 2 . Accumulation of the TMV-Cg, CMV and TCV CPs in the tom1-2, tom3-1 and thh1-1 single, double and triple mutants. Rosette leaves of 3-to 4-week-old plants were inoculated with TMV-Cg (a), CMV (b) or TCV (c) virion RNAs (0?1 mg ml"1 each) and inoculated leaves were harvested at 2 and 5 d.p.i. Total proteins were extracted and subjected to SDS-PAGE. Protein samples from 0?25, 0?025 and 0?05 mg (fresh weight) leaf tissue inoculated with TMV-Cg, CMV and TCV, respectively, were loaded per lane. CPs were detected by using specific rabbit antisera (Yoshii et al., 2004) and alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibody, followed by a colour reaction with 5-bromo-4-chloro-3-indolyl phosphate in combination with nitro blue tetrazolium. The levels of accumulation of the CPs were quantified densitometrically by using the Image J program (http://rsb.info.nih.gov/ij/). The graphs show means+SD of relative CP accumulation in four to 12 plants (mean CP accumulation in wild-type Col-0 at 5 d.p.i.=100 % for each virus). Fig. 3 . Multiplication of TMV-Cg in transgenic plants overexpressing the THH1 mRNA. A cDNA fragment covering the THH1 coding region was amplified by PCR from an A. thaliana cDNA pool synthesized by using a SMART PCR cDNA synthesis kit (Clontech) with the primers 59-TGCGAATTCGTGGAGATG-AGAAGCGGCGGC-39 and 59-CGAGGATCCATGTTCATTG-GATTTGATGGTACTGTGT-39. Amplified THH1 cDNA was digested with EcoRI and BamHI and cloned between the EcoRI and BamHI sites of pGEM7Zf(+) (Promega) to obtain plasmid #850. Plasmid #850 was digested with XbaI and SacI and the resulting fragment containing the THH1 cDNA was inserted between the XbaI and SacI sites of pBI121 to create the T-DNA clone pBI-THH1, in which the THH1 cDNA was placed under the control of the cauliflower mosaic virus 35S RNA promoter. The tom1 tom3 double mutant was transformed with pBI-THH1 by using the Agrobacterium-mediated floral-dip method (Clough & Bent, 1998) . Five T2 plants derived from a single T1 plant (a kanamycin-resistant progeny of Agrobacterium-treated plants) were inoculated with TMV-Cg virion RNA (0?1 mg ml "1 ) and inoculated leaves were harvested at 5 d.p.i. CP accumulation was detected as described in Fig. 2 . Two TMV-Cg-inoculated Col-0 plants, two TMV-Cginoculated tom1 tom3 double-mutant plants and one mockinoculated Col-0 (M) plant were analysed alongside the five T2 plants. The T-DNA was confirmed to be present in plants by using PCR with a primer set specific for the 35S RNA promoter (59-CAAAGCAAGTGGATTGATGTGATATC-39) and the NOS terminator (59-CATGTTAATTATTACATGCTTAACGTAA-TTC-39). Semi-quantitative RT-PCR was also performed by using a THH1 mRNA-specific primer set (59-TTCCGTCATT-GCTGTGATTC-39 and 59-ATACAGCACGTGCCTGG-39) or an Actin1 mRNA-specific primer set (59-CATCAGGAAGGACTTG-TACGG-39 and 59-GATGGACCTGACTCGTCATAC-39). The resulting PCR products were separated by agarose-gel electrophoresis and visualized by ethidium bromide staining (three lower panels). Similar results were obtained for three other tom1 tom3 double-mutant lines transformed with pBI-THH1.
To confirm the involvement of THH1 in TMV-Cg multiplication more directly, the tom1-2 tom3-1 double mutant was transformed by using a gene cassette in which the THH1 coding sequence was placed under the control of the cauliflower mosaic virus 35S RNA promoter. Semi-quantitative RT-PCR showed that the THH1 mRNA was overexpressed in T2 plants that carried the T-DNA insert, whilst the expression level of the THH1 mRNA in tom1 tom3 doublemutant plants that did not carry the transgene was similar to that in wild-type Col-0 plants (Fig. 3) . When plants were inoculated with TMV-Cg, the level of CP accumulation in the tom1 tom3 double-mutant plants that overexpressed THH1 mRNA was similar to that in wild-type Col-0 plants (Fig. 3) . Consistent with earlier results, TMV-Cg CP accumulation was not detected in the tom1 tom3 doublemutant plants that did not carry the transgene (Fig. 3) . This result indicates that THH1 functions to support TMV-Cg multiplication in a manner parallel to the actions of TOM1 and TOM3. Because TOM1 and TOM3 are implicated in tobamovirus RNA replication, reduction of TMV-Cg multiplication by the tom1, tom3 and/or thh1 mutations observed in inoculated plant leaves is most likely to be caused by the inhibition of replication, rather than other processes of infection.
Quantitative, real-time RT-PCR analysis revealed that the expression level of the endogenous THH1 mRNA was approximately 30-fold and fourfold lower than those of TOM1 and TOM3, respectively (data not shown). This result might explain the smaller contribution of THH1 to TMV-Cg multiplication, compared with that of TOM1 and TOM3, and the full complementation of the tom1 tom3 double mutation by the overexpression of THH1.
Cucumber mosaic virus (CMV) and Turnip crinkle virus (TCV) belong to taxonomic groups that are distinct from the genus Tobamovirus. The tom1 mutation did not influence the multiplication of either CMV or TCV (Ishikawa et al., 1991) . The CMV and TCV CPs accumulated to wildtype levels in all of the single, double and triple mutants [difference not significant (P>0?01, Student's t-test); Fig. 2b, c] , suggesting that the effect of these mutations is specific to the TMV-Cg multiplication. We previously found that co-infection of CMV with TMV-Cg affects TMV-Cg multiplication in tom1 protoplasts, but not in wild-type protoplasts, and proposed that CMV competes with TMV-Cg for the utilization of TOM1 homologues (Ishikawa et al., 1993) . However, our present results do not suggest that CMV utilizes TOM3 or THH1 as host factors for multiplication.
In this study, we found that the tom1-2 tom3-1 thh1-1 triple mutant grows normally under our growth conditions (Fujisaki et al., 2004) , even though each mutation is likely to inhibit the synthesis of functional protein product severely. Because TOM1 homologues are widely present not only in dicot species, but also in the monocot species rice (Asano et al., 2005) , TOM1 and related genes must play an important role in some aspect of plant life cycles. The functioning of these genes might be necessary for plants to survive under more extreme wild conditions.
